Large quantum dots with small oscillator strength 
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We have measured the osciUator strength and quantum efficiency of excitons confined in large 
InGaAs quantum dots by recording the spontaneous emission decay rate while systematically varying 
the distance between the quantum dots and a semiconductor-air interface. The size of the quantum 
dots is measured by in-plane transmission electron microscopy and we find average in-plane diameters 
of 40 nm. We have calculated the oscillator strength of excitons of that size and predict a very large 
oscillator strength due to Coulomb effects. This is in stark contrast to the measured oscillator 
strength, which turns out to be much below the upper limit imposed by the strong confinement 
model. We attribute these findings to exciton localization in local potential minima arising from 
alloy intermixing inside the quantum dots. 



CD 



o 



> 

o\ 
l> 

o 
o 



X 



Enhancement of light-matter interaction is important 
for improving existing optoelectronic devices such as 
light-emitting diodes and semiconductor lasers as well 
as for enabling envisioned devices for quantum informa- 
tion processing. The interaction between light and an 
emitter can be enhanced by modifying the environment 
surrounding the emitter, i.e. by increasing the optical 
field using nanophotonic cavities, which can be realized 
in many geometries such as microdiscai, micropillars^ or 
photonic crystal cavities^. Cavity enhancement works 
by increasing the local density of optical states, which 
describes the number of vacuum modes that an emitter 
can radiate into. Another approach to enhance the light- 
matter interaction is to modify the emitter, i.e. to tailor 
the matter-part. The relevant figure-of- merit is the oscil- 
lator strength, which is a dimensionless quantity defined 
as the ratio between the radiative decay rate of the emit- 
ter in a homogeneous medium and the emission rate of a 
classical harmonic oscillator. 

Self-assembled quantum dots are particularly interest- 
ing light-emitters because their oscillator strength is typ- 
ically one order of magnitude larger than that of atoms^. 
Furthermore, as first pointed out by Hanamurai^, the os- 
cillator strength of excitons in a large quantum dot is pro- 
portional to the volume of the quantum dot: In this case 
Coulomb effects dominate the electron-hole confinement 
and the exciton acquires the sum of oscillator strengths 
of all lattice sites that it spans. This giant oscillator 
strength effect arises in the weak confinement regime, 
i.e. when the confinement is so weak that the energy level 
spacing is smaller than the Coulomb energy. 

For small quantum dots the level spacing is much larger 
than the Coulomb energy and the exciton state can be 
described by a product of an electron state and a hole 
state, which are mutually independent. This is known 
as the strong confinement regime, which is the relevant 
regime for the majority of contemporary experiments. 
In the strong confinement approximation the oscillator 
strength is proportional to the square of the electron and 
hole envelope function overlap, which sets an upper limit 



to the achievable oscillator strength because the overlap 
cannot exceed unity^. 

It was predicted by Andreani et alji in 1999 that large 
quantum dots are essential to reach the strong coupling 
regime of light-matter interaction and indeed the vac- 
uum Rabi splitting signature of strong coupling has been 
observed with large GaAs quantum dots-. Also, a very 
high oscillator strength of large GaAs quantum dots has 
been reported^. Here we report on direct measurements 
of the oscillator strength of large Ino.3Gao.7As quantum 
and surprisingly observe no enhancement of the oscillator 
strength beyond the strong confinement limit. 

The simplest way to measure the oscillator strength of 
a quantum dot would be to extract it from a measurement 
of the radiative decay rate in a homogeneous medium. 
However, the radiative decay rate is not obtained directly 
by time-resolved spectroscopy, which extracts the total 
decay rate, i.e. the sum of radiative and nonradiative 
decay rates. The contribution from nonradiative decay 
processes was recently found to be significant for small 
quantum dots^i^ and the nonradiative decay rate was not 
measured in any of the previous experimental studies on 
large quantum dots. 

Here we use a recently developed experimental 
method^i^ to accurately measure the radiative and non- 
radiative decay rates and thereby extract the oscillator 
strength and quantum efficiency of large InGaAs quan- 
tum dots. We find that the experimentally determined 
oscillator strength is below the upper limit of the strong 
confinement model and that the relatively fast decay 
rates originate from a quantum efficiency of only 33%, 
i.e. the decay rate is dominated by nonradiative decay. 
Our results show that the effective confinement potential 
in quantum dots can be much smaller than the quantum 
dot size presumably due to local variations in strain and 
chemical composition of the quantum dots. 

The maximum attainable oscillator strength of 
Ina;Gai_a:As quantum dots in the strong confinement 
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FIG. 1. (A) Calculated oscillator strength for Inj;Gai_a;As 
quantum dots with x = Q, x = 0.3, and x = 1. In the weak 
confinement model (dashed curves) the oscillator strength in- 
creases quadratically with exciton size, which is known as the 
giant oscillator strength effect. In strong confinement there 
is an upper bound (solid curves) to the oscillator strength 
at / = 23.2. The gray area indicates the regime of strong 
confinement for various mole fractions x. (B) In-plane trans- 
mission electron micrograph of the overgrown Ino.3Gao.7As 
quantum dots. (C) Schematic illustration of the sample in- 
vestigated. (D) Distribution of quantum dot lengths along the 
major axis. (E) Distribution of quantum dot widths along the 
minor axis. The average size along the major (minor) axis is 
found to be 42 nm (38 nm). 



model is given bj**' 



/sC,max(w,x) 



(1) 



with the Kane energy Ep{x) = (28.8 — 7.3x) eV and fiiu 
is the exciton transition energy. In the weak confinement 
regime the decay rate can be calculated using Wigner- 
Weisskopf theory for excitons confined in a parabolic in- 
plane potential perpendicular to the growth direction and 
a hard-wall potential along the growth direction. For the 
lowest energy transition the oscillator strength is 
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where L is the diameter of the center-of-mass wave func- 
tion in the plane perpendicular to the growth dircction^S', 
which we define as four standard deviations of the Gaus- 
sian wave function and uq is the exciton Bohr radius, 
which is defined as an — izpLJsir .^^j^gj-g g„ jg fj^Q yac- 
uum permittivity, is the relative dielectric constant of 



GaAs, q is the electron charge, ttiq is the electron rest 



mass, and 



is the reduced effective mass of 



the exciton composed of an electron with effective mass 
•nic and a heavy-hole with effective mass mhh ■ The effec- 
tive masses depend on the indium mole fraction of the 
quantum dot and the heavy-hole effective mass is modi- 
fied by strain. For Ino.3Gao.7As we obtain ao = 19.2 nm 
using parameters from Refj^, where we are considering 
only the heavy-hole mass in the plane perpendicular to 
the growth direction. 

The oscillator strength calculated in the weak confine- 
ment model is plotted in Fig. [Tf A) along with the funda- 
mental oscillator strength limit of the strong confinement 
model for various indium mole fractions. Thus, by com- 
paring measured and calculated oscillator strengths the 
proper confinement model can be identified and such an 
analysis is presented in the following section. 

Upon measurement of the radiative decay rate of a 
quantum dot in a homogeneous medium rj?°™(cj) and the 
nonradiative decay rate rnrad(w), the oscillator strength 
can be obtained directly from the equation 
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where cq is the speed of light in vacuum and n(w) is the 
index of refraction of GaAs, which depends on w as well 
as the tcmpcratureii. The quantum efficiency is defined 
as 
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The starting point of the experimental investigation 
was a semiconductor wafer grown by molecular beam 
epitaxy. First a 50 nm AlAs sacrificial layer for an op- 
tional epitaxial lift-off process was grown on a GaAs sub- 
strate. This was followed by 1038 nm of GaAs, a layer of 
large InGaAs quantum dots with a nominal indium con- 
tent of 30%, and finally a 445 nm GaAs capping layer. 
The quantum dot growth procedure was similar to a 
method discussed in the literature^^ but differed by em- 
ploying growth interruptions of in total 15 s. The quan- 
tum dots had a density of approximately 150 \mi~^ and 
were slightly elliptically shaped with typical major and 
minor axis diameters of 42 nm and 38 nm respectively, 
as determined from in-plane transmission electron mi- 
croscopy on the overgrown samplei^, cf. Fig. [TjB), (D), 
and (E). Thus, from Eq. © and cf. Fig. [HA) we would 
expect / > 100 for these quantum dots. 

The capping layer was processed into 32 terraces, 
which measured 200 |i.m by 500 |J.m thus constituting 
32 different distances from the quantum dot layer to 
the interface, as shown in Fig. mC). For each distance 
we have performed time-resolved measurements of quan- 
tum dot ensembles at a temperature of 19 K and for 
one distance we performed time-resolved microphotolu- 
minescence spectroscopy on single quantum dots at 10 K. 
All measurements were acquired using pulsed excitation 
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from a Ti:sapphire laser at a wavelength of 860 nm, i.e. 
in the wetting layer of the quantum dots. Further details 
on the sample preparation, measurement setup, and the- 
oretical approach can be found in Ref.^. In the following 
we discuss the experimental results. 

In Fig. [2JA) we show two characteristic decay curves 
for two different distances to the interface. The decays 
are markedly different due to the different values of the 
local density of optical states. We fit the curves by bi- 
exponential decay functions convoluted with the instru- 
ment response function and find very good agreement. 
We have measured and fitted the decay curves for 32 
distances to the interface and at three different emission 
energies of the quantum dot ensemble. For the two dis- 
tances closest to the interface (z — 12 and z — 28 nm) 
we observe no photoluminescence, which presumably is 
due to tunneling of carriers to the surface followed by 
nonradiative recombination. The extracted fast and slow 
components for the remaining 30 distances are shown in 
Fig. [2jB). The slow decay rate is independent of dis- 
tance to the interface, which shows that it is dominated 
by nonradiative decay In the remainder of this article 
we discuss only the fast decay rate, which exhibits a char- 
acteristic oscillatory behavior as a function of distance. 

We have calculated the local density of optical states 
for a dipole source oriented parallel to the interface. The 
calculation is exact and takes all layers above and below 
the quantum dots into account. We have fitted the decay 
rate to the local density of optical states as a function of 
distance to the interface and we find very good agreement 
as is evident from the fits shown in Fig. EjB). 

The fit to the local density of optical states for each 
emission energy has two free parameters: the radiative 
decay rate and the nonradiative decay rate in a homo- 
geneous medium. From this we obtain readily the os- 
cillator strength and quantum efficiency. The result of 
this analysis is shown in Fig. [3l[A). We observe a fre- 
quency dependence, which is similar to that observed 
for small quantum dots®, i.e. both the oscillator strength 
and the quantum efficiency decrease with increasing en- 
ergy. However, in the present case the nonradiative de- 
cay rate is much larger leading to quantum efficiencies 
between (65 ± 10)% and (33 ± 4)%. These resuhs show 
that the oscillator strength is not particularly large for 
these large quantum dots. In fact the oscillator strength 
is smaller than the limit imposed by of the strong con- 
finement model, cf. Fig. [IJ A) . This shows that no giant 
oscillator strength effect is found for these large InGaAs 
quantum dots and that they can be described fully within 
the strong confinement model. Interestingly, the oscilla- 
tor strength varies between 13.6 ± 1.5 and 8.6 ±0.9 which 
is comparable to or even below the values found for or- 
dinary quantum dots^. 

It could be conjectured that only few of the large 
quantum dots possess a large oscillator strength and if 
their relative density is small they can be revealed only 
by microphotoluminescence experiments. We performed 
such an experiment and measured the spectrum shown 
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FIG. 2. (A) Characteristic decay curves (gray) of quantum 
dots obtained at two different distances to the interface at an 
emission energy of 1.240 eV with biexponential fits (black). 
The curve labeled IRF is the instrument response function. 
(B) Fast (closed symbols) and slow (open symbols) decay 
rates obtained from the biexponential fits for various distances 
to the interface at an emission energy of 1.240 eV (squares), 
1.259 eV (circles), and 1.278 eV (triangles). 



in Fig. I31IB), which has been obtained at an excitation 
power below saturation of the excitons. Single-quantum 
dot lines are observed and the result of time-resolved 
measurements on a selection of the peaks are presented 
in Fig. [sue). The decay rates agree very well with the 
total decay rates extracted from the ensemble measure- 
ments, which are also shown in Fig. [3jC). This indicates 
that the measurements on ensembles probe the single- 
quantum dot properties with the additional benefit of 
statistical averaging and an improved signal-to-noise ra- 
tio. 

Our results show that the effective size of the ex- 
citons is much smaller than the size of the quantum 
dots as it appears from transmission electron microscopy. 
This means that the confinement potential is significantly 
smaller than the quantum dot size and we conjecture that 
the actual confinement potentials are defined by fluctu- 
ations in the local indium/gallium mole fraction. Such 
fluctuations have been observed in high-resolution trans- 
mission electron microscopy studies of small InAs quan- 
tum dotsi^ and our results suggest that they may be of 
large significance for the optical properties of large quan- 
tum dots. In this picture the excitons are confined in 
potential minima surrounded by barriers and other lo- 
cal potential minima. This could imply large nonradia- 
tive decay rates due to tunneling to other local minima, 
which is exactly what we observe. Furthermore, tunnel- 
ing of carriers into the potential minimum responsible 
for recombination from other nonradiative minima could 
lead to filling effects in the decay curves, i.e. decay curves, 
which appear fiat on the top due the re-excitation pro- 
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FIG. 3. (A) Oscillator strength (OS, solid symbols, left axis) 
and quantum efficiency (QE, open symbols, right axis) for dif- 
ferent emission energies. (B) Normalized photoluminescence 
spectrum obtained by ensemble and microphotoluminescence 
(lJ.PL) measurements a,t z = 445 nm. (C) Total homogenous 
medium decay rate (solid symbols) extracted from the anal- 
ysis of Fig. [2] compared to the microphotoluminescence mea- 
surements of the total decay rate at z = 445 nm (open sym- 
bols)). 



vided by the tunneling, which is also a feature that is ap- 
parent in our measurements, of. Fig. [^fA). We note that 
similar deviations between the size of the device and the 
effective potentials have been reported for other meso- 



scopic electronic systems, such as unintentional quantum 
dots in high-mobility two-dimensional electron gases^ 
and carbon nanotubes, where the effective quantum dot 
size is given by the distance between the electrical con- 
tacts rather than the length of the nanotubes^^. 

In conclusion we have measured the oscillator strength 
and quantum efficiency of large InGaAs quantum dot. 
We find that the decay dynamics is dominated by nonra- 
diative decay processes and that the oscillator strength is 
comparable to or even smaller than the values reported 
for small quantum dots. We conclude that the actual 
confinement potential in these quantum dots is much 
smaller than the quantum dot size obtained from trans- 
mission electron microscopy on the overgrown sample. 
Our results emphasize the importance of addressing the 
quantum efiiciency of quantum dot emitters because the 
prevalent assumption of a quantum efficiency of unity is 
generally not valid and can lead to wrong conclusions. 
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